ABSTRACT. Tritrichomonas species flagellates (IMC strain) were isolated from the biliary tract of an individual who had developed cholecystitis as a complication of acquired agammaglobulinemia. Sequence analysis of Tritrichomonas sp. (IMC clone 2 (cl2)) was performed for several genetic regions including the ITS1-5.8S rDNA-ITS2 region, the cysteine protease (CP)-1, CP-2 and CP-4 to CP-9 genes, and the cytosolic malate dehydrogenase 1 gene. In addition to comparison of the variable-length DNA repeats in the isolate clone with those in T. foetus (Inui cl2) and the T. mobilensis (U.S.A.: M776 cl2) reference strains, this analysis showed that the Tritrichomonas sp. (IMC cl2) was T. foetus (cattle/swine genotype). Injection of T. foetus (IMC cl2) directly into the livers of CBA mice resulted in liver abscess formation on Day 7. Moreover, inoculation via orogastric intubation caused infection in the cecum on Day 5 in CBA mice co-infected with Entamoeba histolytica (HM-1: IMSS cl6). T. foetus (IMC cl2) was able to grow in YI-S medium for over 20 days, even at 5°C. These results indicate that the T. foetus isolate is able to survive in the feces and edible organ meat of the definitive host for a prolonged period of time, and it is possible that the parasite could infect humans.
Tritrichomonas foetus (syn. Tritrichomonas suis) has been shown to exist as both cattle/swine and feline genotypes. In heifers, T. foetus causes infertility and early embryonic death via sexually transmitted infection of the reproductive tract [22] . In pigs, T. foetus infects the nasal cavity, stomach and intestine and causes diarrhea in piglets [5, 21] . Feline intestinal tritrichomoniasis caused by T. foetus is usually associated with large bowel diarrhea [2, 9, 20] .
To date, only three cases of human tritrichomoniasis caused by T. foetus have been reported, and all three appear to have been rare opportunistic infections in immunocompromised or immunosuppressed individuals [7, 13, 23] . It is suspected that two of those cases were caused by the T. foetus cattle/swine genotype based on the sequence of the ITS1-5.8S rRNA-ITS2 region, which enables differentiation of the T. foetus cattle/swine genotype from the feline genotype and Tritrichomonas mobilensis isolated from a squirrel monkey [3] . The ITS1-5.8S rRNA-ITS2 regions in the cattle/swine and feline T. foetus genotypes differ by a single nucleotide change at position 9 in ITS2 (cattle/swine genotype: cytosine and feline genotype: thymine), and by a single nucleotide change at position 47 in ITS2 in T. foetus and T. mobilensis (T. foetus: thymine and T. mobilensis: cytosine) [5, 8, 16] . The symptoms and location of lesions also differ in human cases; T. foetus-like tritrichomonads have been detected in cerebrospinal fluid (meningoencephalitis) [13] , bronchoalveolar lavage specimens (pneumonia) [7] and peritoneal fluid (peritonitis) [23] . To date, no human cases of tritrichomoniasis caused by T. mobilensis have been reported.
In Japan, cattle tritrichomoniasis is a notifiable infectious disease under the domestic animal infectious diseases control law. Based on notification records, no cases of cattle tritrichomoniasis caused by T. foetus occurred during the 51-year period from 1963 to 2014 [1] . In contrast, it is not mandatory to report swine tritrichomoniasis. Although the true prevalence of swine tritrichomoniasis is not known, an epidemiological study in Japan showed that 36 of 64 samples (56.3%) tested positive for T. foetus [5] .
In the present study, we conducted a morphological and molecular investigation of a Tritrichomonas sp. human isolate. Moreover, T. foetus infection, which is highly prevalent in Japanese pigs, occurs via the orogastric route. Therefore, we determined whether the isolate is capable of similarly infecting the intestine via the oral route in mice. In addition, we investigated the viability of this parasite in the external environment.
MATERIALS AND METHODS
Tritrichomonas spp. strains: 1) Tritrichomonas sp. human isolate, Tritrichomonas sp. (IMC strain [IMC] ). Tritrichomonas flagellates were isolated from the bile fluid of a patient (a 39-year-old Japanese male) with acquired agammaglobulinemia complicated by cholecystitis and were cultured aseptically in YI-S medium [4] foetus (Inui) and T. mobilensis (M776) according to a previously described serial dilution cell cloning protocol for 96-well plates [18] , with some modifications. We modified the step for collecting single-celled organisms as follows. First, 2-3 µl drops of a dilute culture suspension in YI-S medium, containing a small but adequate number of organisms, were placed into several wells. Then, the wells were observed under an inverted microscope, and drops containing a single organism were collected by adding 200 µl of fresh medium, mixing gently and aspirating the medium containing the single organism. This medium was then transferred to a culture tube containing fresh YI-S medium and cultured at 35.5°C. Six clones from Tritrichomonas sp. (IMC), three clones from T. foetus (Inui) and five clones from T. mobilensis (M776) were successfully grown. The identities of the second clones (designated as clone 2) from each of these three strains were confirmed, and these were then used for characterization.
Cultivation at various temperatures: For each of the three clones (Tritrichomonas sp. IMC cl2, T. foetus Inui cl2 and T. mobilensis M776 cl2), 2 × 10 6 organisms were inoculated into two tubes containing 4 ml of YI-S medium each and cultured at 5, 18, 25 or 35.5°C. The number of organisms was counted using a Fuchs-Rosenthal counting chamber every 2-3 days to determine the growth kinetics of the clones at various temperatures. This experiment was performed in order to investigate the viability of each Tritrichomonas sp. strain at various temperatures representative of the external environment.
Scanning electron microscopy (SEM): The Tritrichomonas sp. (IMC cl2) and T. mobilensis (M776 cl2) were fixed with 2.5% glutaraldehyde/0.1 M cacodylate buffer (pH 7.2) for 1 hr in silicon-coated plastic microtubes (2 ml).
The fixed cells were washed with 0.1 M cacodylate buffer, pelleted by centrifugation at 275 × g for 3 min and postfixed with 1% OsO 4 /0.1 M cacodylate buffer for 1 hr. The post-fixed organisms were attached to a filter with poly-Llysine-coated pores measuring 0.6 µm in diameter (SEMpore; JEOL DATUM Ltd., Tokyo, Japan) according to the manufacturer's protocol. The filters were then washed three times with distilled water. Next, the attached cells of the two Tritrichomonas spp. clones were frozen for 40 sec in liquid nitrogen. Each frozen sample was immediately mounted on the specimen stage of the SEM (JSM5600LV; JEOL Ltd.), and the specimen chamber was evacuated to 60 Pa, followed by slow sublimation for 60 min. Then, each of the dry, frozen samples on the SEMpore was sputter-coated with Pt-Pd and observed at an accelerating voltage of 5 kV.
Molecular analysis: DNA was isolated from 50-µl culture samples containing approximately 1 × 10 6 organisms in 10 mM phosphate-buffered saline (pH 7.4) using a QIAamp DNA Mini kit (Qiagen, Venlo, the Netherlands). The DNA samples from Tritrichomonas sp. (IMC cl1-cl6), T. foetus (Inui cl2) and T. mobilensis (M776 cl2) were used as templates for PCR targeting of the ribosomal RNA internal transcribed spacer region (ITS1-5.8S rRNA-ITS2 region), eight cysteine protease (CP) genes (CP-1, CP-2 and CP-4 to CP-9) and the cytosolic malate dehydrogenase 1 (MDH1) gene. The ITS1-5.8S rRNA-ITS2 region was amplified with a Tricho-F forward primer and a Tricho-R reverse primer [11] . The primers used to amplify CP-1, CP-2 and CP-4 to CP-9, and MDH1 have been previously described by Slapeta et al. [19] . Amplification was performed in 50-µl reaction volumes containing 1× PCR buffer, 250 µM of each dNTP, 0.5 µM of each primer, 1.25 U Takara Ex Taq (Takara Bio Inc., Otsu, Japan) and 2 µl of the DNA samples. The samples were denatured at 94°C for 5 min and then subjected to 35 cycles of 94°C for 30 sec, 55°C for 30 sec (60°C for 30 sec for the ITS region) and 72°C for 1 min, with a final extension at 72°C for 7 min. The PCR products were directly sequenced using an ABI Prism BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit and an ABI PRISM 3500 Genetic Analyzer (Applied Biosystems Japan Ltd., Tokyo, Japan). Variable-length DNA repeats were amplified using primers TR7 and TR8 [17, 21] . The PCR was performed by denaturing the DNA at 94°C for 5 min followed by 35 cycles at 94°C for 1 min, 46°C for 1 min and 72°C for 1 min, with a final extension at 72°C for 7 min. The PCR products were separated by electrophoresis on 2% (w/v) agarose gels, and species-specific fingerprints were observed. Fragments of approximately 520 bp in length were isolated from the gels and sequenced.
Experimental infection: Three Tritrichomonas spp.-Tritrichomonas sp. (IMC cl2), T. foetus (Inui cl2) and T. mobilensis (M776 cl2)-were cultured in YI-S medium for 2 days at 35.5°C, and the number of organisms was adjusted to 4 × 10 8 parasites/ml in YI-S medium. Each suspension (2 × 10 7 parasites/0.05 ml) was inoculated into the left lobe of the liver in two CBA mice (10-week-old males). This location for infection was chosen to reflect the parasitic location of Tritrichomonas sp. (IMC) in the patient. A suspension (4 × 10 7 parasites/0.1 ml) of Tritrichomonas sp. (IMC cl2) was also inoculated into the stomach of two NOD.CB17-Prkdc scid /J (NODSCID) mice (8-week-old males) and two CBA mice (10-week-old males), using a mouse feeding needle, to investigate its infectivity and proliferation capability in the intestine (cecum).
Infection of mice with induced chronic colitis: CBA mice with persistent Entamoeba histolytica (HM-1:IMSS cl6) infection and erosion of intestinal mucosa were used as a chronic colitis model. The infectivity of Tritrichomonas spp. in this mouse model was examined and compared with that in healthy mice. Two CBA mice (20-week-old males) with persistent E. histolytica (HM-1:IMSS cl6) infection for 30-40 days [10] received either an oral inoculation of Tritrichomonas spp. using a mouse feeding needle or an intravenous inoculation via the caudal vein. All animal experiments were performed according to protocols approved by the Keio University Institutional Animal Care and Use Committee (authorization number: 08036) and the Institutional Guidelines on Animal Experimentation at Keio University.
Paraffin embedding: Liver and cecum tissues from mice infected with Tritrichomonas spp. were fixed with 10% formalin. The cross sections were processed for paraffin embedding using a graded series of ethanol, xylene and paraffin according to conventional methods. Thin cross sections were stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS).
RESULTS

Morphological properties of two Tritrichomonas spp. by SEM:
The Tritrichomonas sp. (IMC cl2) and T. mobilensis (M776 cl2) strains examined in the present study exhibited genus-specific characteristics, such as three anterior flagella emerging from the periflagellar canal, an undulating membrane reaching to the posterior end of the body, a recurrent flagellum with a distal free end and a visible axostyle tip. However, the undulating membrane of Tritrichomonas sp. (IMC cl2) appeared to be more acute-angled than that of T. mobilensis. Additionally, a stronger contrast was observed between light and shade than in T. mobilensis (M776 cl2) (Fig. 1A, 1C, 1D and 1F) . The morphological aspects of the undulating membranes of the two clones of Tritrichomonas sp. (IMC cl2) and T. mobilensis (M776 cl2) did not change (Fig. 1B and 1E) , even in the pre-mitotic phase. In terms of shape, T. mobilensis (M776 cl2) had a typical piriform shape, and egg-and heart-shaped morphologies were also observed (data not shown), consistent with the SEM images presented by Midlej et al. [12] . The morphological aspects of T. foetus (Inui cl2) were almost identical to those of Tritrichomonas sp. (IMC cl2) (data not shown).
Sequence analysis: The sequences of the ITS1-5.8S rDNA-ITS2 regions of the six clones of Tritrichomonas sp. (IMC cl1 to cl6) were all found to be identical to each other and (Fig. 4) . Based on the genetic and morphological characterization, the Tritrichomonas sp. (IMC cl2) human isolate was identified as T. foetus cattle/swine genotype. The sequence data reported in this study were deposited in GenBank.
Cultivation at various temperatures:
The growth kinetics of the Tritrichomonas sp. (IMC cl2) [Tritrichomonas foetus (IMC cl2)], T. foetus (Inui cl2) and T. mobilensis (M776 cl2) at 5, 18, 25 and 35.5°C are shown in Fig. 5 . All three of the examined clones grew at all temperatures, even at 5°C, and survived for more than 20 days. In particular, the number of T. foetus cells (IMC cl2) doubled by Day 9 of cultivation at 5°C. Moreover, proliferation was markedly increased at temperatures above 25°C for all three strains, and the lowest increase was observed for T. foetus (IMC cl2) grown at 25°C and 35.5°C. The highest number of T. mobilensis (M776 cl2) parasites was observed at 25°C and 35.5°C, which was also the highest number among the three clones. This clone also survived the longest.
Experimental infection in healthy mice and in mice with induced amoebic colitis: Abscess formation by T. foetus (IMC cl2), T. foetus (Inui cl2) and T. mobilensis (M776 cl2) was confirmed in the livers of CBA mice, and live tritrichomonad organisms were detected in the lesions 7 days after inoculation, as shown in Fig. 6A and 6B. No proliferation of T. foetus (IMC cl2) was observed in the cecum of healthy CBA mice under specific pathogen free (SPF) conditions, even in NODSCID mice, on Day 5 following inoculation via orogastric intubation. No proliferation was observed on Day 5, even after direct injection into the cecum of CBA and NODSCID mice, which was performed as a supporting experiment. However, CBA mice pre-infected with E. histolytica (HM-1: IMSS cl6) with intestinal erosion were successfully infected by T. foetus (IMC cl2). By Day 5, the organism was found to have proliferated in the cecum following inoculation via orogastric intubation, as shown in Fig. 6C and 6D or via intravenous injection into the caudal vein (data not shown). However, the organisms of T. foetus (IMC cl2) could not be found in the other organs including bile duct. PAS staining of thin cross sections of the cecum was observed following T. foetus (IMC cl2) infection by oral or intravenous inoculation; however, tritrichomonad organisms were only detected in the intestinal lumen of the cecum. Moreover, T. mobilensis (M776 cl2) also infected the cecum of two mice co-infected with E. histolytica (HM-1: IMSS cl6), and the infection was similar to that observed following oral inoculation of T. foetus (IMC cl2) (data not shown).
DISCUSSION
The present Tritrichomonas sp. human isolate was identified as the T. foetus cattle/swine genotype. However, tritrichomoniasis caused by T. foetus in cattle has not been reported in Japan for 51 years [1] , suggesting that it is unlikely that this isolate came from cattle.
The patient in the present study had no history of contact with reservoirs or definitive hosts, such as cattle, pigs or cats. Although the source of T. foetus (IMC) in the present case is unknown, T. foetus (IMC, cattle/swine genotype) may be capable of infecting patients orally as well as through direct contact with infected animals via T. foetus-contaminated natural raw foods (e.g., rare liver). Interestingly, of the four patients diagnosed with human tritrichomoniasis, two were Japanese and one was French, and both cultures are known for their consumption of raw meat. However, the patient in this case did not have a certain history of eating undercooked or raw meat, and also in previous cases, we could not find descriptions about those histories [7, 13, 23] . Moreover, the feline genotype in the ITS1-5.8S rDNA-ITS2 region of T. foetus is also found in piglets, indicating that the reverse is true in cats [6, 20] . This suggests that cats may also transmit the T. foetus cattle/swine genotype strain. Moreover, T. foetus (IMC cl2) can survive at low temperatures and shows resistance to low osmotic pressure (75-80 mOsm/l) for over 1 hr (data not shown). To confirm this, we showed that the present T. foetus (IMC cl2, cattle/swine genotype) strain can infect the cecum of CBA mice pre-infected with E. histolytica (HM-1: IMSS cl6) via orogastric intuba- tion. These results indicate that T. foetus (IMC) may also infect the human intestine via the oral route. In addition, our results demonstrate that this parasite may infect the gastrointestinal tract after damage to the mucosa caused by another agent or following co-infection with a collaborative parasite, such as E. histolytica. All four human tritrichomoniasis cases, including the present case, occurred in individuals with underlying immunodeficiency or immunosuppression. These results suggest that, in addition to immunosuppression or immunodeficiency, infection resulting in damage to the intestinal mucosa may also be a risk factor for the onset of tritrichomoniasis in humans. Although we were unable to determine the specific source or route of infection by T. foetus (IMC, cattle/swine genotype) in the present study, our data demonstrate that tritrichomoniasis is an infectious disease with considerable zoonotic potential, and it may occur in immunosuppressed and immunodeficient individuals with intestinal damage due to pre-or co-infection with another agent. 
